Group II introns are a class of large ribozymes that catalyze both their own excision from precursor RNAs and their subsequent insertion into new genomic targets (intron mobility)[@R1]. They are found within the organellar genes of higher plants and fungi as well as in many bacteria, proteobacteria, blue algae and some animals[@R2]. The dispersal and evolution of group II introns has had a profound influence on the organization and regulation of most terrestrial genomes[@R3]. Group II introns share a characteristic secondary structure consisting of six functional domains ([Figure 1a](#F1){ref-type="fig"})[@R3] and their tertiary structural features have been revealed through extensive biochemical and crystallographic analysis[@R4]--[@R7].

Group II introns catalyze excision from precursor RNAs through a two step self-splicing reaction ([Figure 1b](#F1){ref-type="fig"}). Depending on the nucleophile in the first splicing step, the intron is excised in a lariat form with a 2′,3′,5′-branched adenosine, or in a linear form with a 5′-terminal phosphate[@R8]--[@R9]. The second splicing step is always a transesterification, in which the terminal 3′-OH group of the 5′-exon attacks the phosphate at the 3′-splice site. This step is highly reversible and it is typically quite rapid[@R10]--[@R11]. Unlike the well-studied first step of splicing, the second step is the most poorly understood stage of the splicing pathway.

Second-step reversal (reverse-splicing) is of great mechanistic interest because excised group II introns can behave as retroelements, integrating themselves into new genomic locations through a complex series of events that involve direct insertion into the DNA[@R1]. This process is initiated by a reverse-splicing reaction, in which free intron binds and inserts itself into target sequences that resemble the original flanking exons. Although the entire transposition process requires many steps and additional protein cofactors, it begins with the catalysis of reverse-splicing[@R12]. A clear mechanistic understanding of this basic reaction is therefore central to our knowledge of group II intron mobility and to the application of group II introns as tools for genomic manipulation and biotechnology.

Reverse-splicing into single stranded RNA does not require protein cofactors and it is particularly efficient with linear intron molecules[@R11]. Linear introns only catalyze the first step of reverse-splicing, which is advantageous because it facilitates the design of simple kinetic experiments and a straightforward kinetic framework ([Figure 1c](#F1){ref-type="fig"}). Through a series of enzymological experiments on the mechanism and pH dependence of reverse-splicing, we have shown previously that the chemical reaction is rate limiting for the first step of reverse-splicing[@R11]. Reverse-splicing therefore provides a way to monitor chemical catalysis by group II introns and to understand the functional groups that contribute to stabilization of the transition-state.

A number of studies have elucidated mechanistic features of self-splicing, resulting in a basic model for chemical catalysis ([Figure 1d](#F1){ref-type="fig"})[@R13]. Functional group substitutions have provided particularly useful probes of specific atoms that are involved in the chemical mechanism. For example, kinetic analysis of intron constructs containing chiral phosphorothioate substitutions at the splice sites reveals the stereoisomeric preference of reaction[@R14]--[@R16]. These experiments also reveal that both steps of splicing proceed with inversion of configuration at the scissile phosphate, consistent with nucleophilic substitution reactions that proceed through an S~N~2 mechanism[@R14]. Similarly, 3′-thiolate substitution and metal ion rescue experiments in the presence of metal ions with stronger ligand affinity such as Mn^2+^ reveal sites of catalytic metal ion coordination on the substrate[@R17]. Based on these results, at least two Mg^2+^ ions were proposed to participate in the catalysis of phosphodiester cleavage[@R18],[@R19]. Indeed, a recent crystal structure of the intron confirms that the active site contains two Mg^2+^ ions separated by a distance of 3.9 Å, which is typical of enzymes that cleave via a two-metal ion mechanism[@R6].

Despite the importance of metal ions for chemical reactivity by group II introns, there are many other functional groups that may contribute to the chemical mechanism. An example is the 2′-OH group at the cleavage site of RNA target oligonucleotides, which are hydrolytically cleaved by truncated ribozyme constructs of the intron[@R20]. Substitution of the cleavage site 2′-OH group with 2′-H results in a 16-fold decrease in the chemical rate constant[@R20]. A more comprehensive study, in which a large number of 2′-modifications were tested comes to the conclusion that the 2′-OH mediates interactions with solvent water molecules[@R21].

In this study, we set out to determine the precise mechanistic role of the 2′-OH group on the intron terminus, adjacent to the 3′-OH group that acts as the nucleophile during reverse-splicing. The role of the terminal 2′-OH group has never been examined in the context of reverse-splicing, despite the fact that it is located in an ideal position to influence intron reactivity. By substituting this 2′-OH group with diverse functional groups and measuring the resultant effects on the rate-constant for transesterification, we have determined that this group is essential for the reactivity of free group II intron molecules. In addition, detailed chemogenetic studies show that this 2′-OH group plays a key role in deprotonating the nucleophile and shuttling the proton away from the cleavage site.

RESULTS {#S1}
=======

Experimental design {#S2}
-------------------

As a first step in this study, we designed a new synthetic route to intron molecules that contain modified functional groups, such as 2′-H, 2′-F, 2′-OMe and 2′-NH~2~ substitutions, on the 3′-terminal nucleotide. Using the ai5γ intron from *S. cerevisiae*, we generated an intron construct in which domain 4 was shortened to a hairpin. This modification reduces the intron size without altering the catalytic properties. The approach for introduction of modified nucleotides is similar to 3′-end labeling using the Klenow fragment[@R22]: Intron molecules that lack the terminal nucleotide (a uridine) were transcribed from a corresponding template DNA, resulting in a shortened transcript that is referred to as "ai5γ-1". Normally, transcription by the T7 RNA polymerase results in a ragged 3′-end, in which additional nucleotides (+1, +2 and more) are added by the enzyme[@R23]. As in our previous work[@R11], precisely terminated transcription products were created by using special PCR-generated DNA templates, which contain a 2′-OMe modification at the penultimate nucleotide of the template strand. This modification suppresses incorporation of untemplated nucleotides[@R24]. A short DNA oligonucleotide was then hybridized to the 3′-terminus of the intron, resulting in a single overhanging 5′-deoxyadenosine ([Figure 2a](#F2){ref-type="fig"}), which permitted the incorporation of a single uridine at the end of the intron RNA by the Klenow fragment.

While intron molecules bearing a 2′-H at the terminus can be easily synthesized using this method, the Klenow fragment has DNA polymerase specificity, making it difficult to incorporate ribonucleotides or modified nucleotides[@R25]. This discrimination between ribo-and deoxynucleotides is achieved by a glutamic acid residue(position 710) that sterically blocks the 2′-OH group of ribonucleotides. To circumvent this problem, we utilized the E710A mutant of the Klenow fragment in order to generate diverse, terminally modified RNAs. This alanine mutant incorporates ribonucleotides more efficiently than the wild-type enzyme[@R25], however we found that the reaction requires added Mn^2+^ to facilitate efficient extension with various 2′-modified nucleotide analogs.

In order to monitor extension products of the mutant Klenow fragment, we cleaved each modified intron RNA with a DNAzyme near the 3′-end of the intron[@R26]. The resulting fragments were then 5′-end labeled using ^32^P and visualized by gel electrophoresis ([Figure 2b](#F2){ref-type="fig"}). The mobility of each fragment indicates that the corresponding modified nucleotide was successfully incorporated. None of the samples contained residual unextended ai5γ-1 transcripts or products that were extended by more than one nucleotide. As a control, we generated wild-type intron by extension of ai5γ-1 transcripts with rUTP using the same protocol. Reactivity of this RNA was identical to that of full-length wild-type intron ([Figure 2c](#F2){ref-type="fig"}), indicating that the extension procedure has no adverse effects.

To further validate the assay and to demonstrate complete incorporation of the 2′-NH~2~ substituent at the 3′-terminus (which is a particularly important variant for this study, *vide infra*), we 5′-^32^P-end-labeled the 3′-terminal 2′-OH and 2′-NH~2~ samples and then incubated them with fluorescein isothiocyanate. The reaction products were then visualized by radioanalytic and fluorescent imaging, which revealed that only the 2′-amino terminal intron was labeled with dye ([Supplementary Figure 1a](#SD1){ref-type="supplementary-material"}). In addition, the reaction products were cut into shorter fragments with a DNAzyme, 5′-^32^P labeled and then subjected to PAGE, which revealed that the 2′-NH~2~-modified variant was quantitatively labeled with fluorescein, as it displays a complete gel-shift after dye labeling ([Supplementary Figure 1b](#SD1){ref-type="supplementary-material"}) (see Methods). These results demonstrate that the 2′-NH~2~ extension product is pure and that it unequivocally contains a terminal amine.

Development of the reverse-splicing assay for modified introns {#S3}
--------------------------------------------------------------

The role of the 3′-terminal 2′-OH group was studied using a reverse-splicing assay in which the chemical step of transesterification is rate-limiting[@R11]. Each modified intron RNA was incubated with a 3′-end labeled RNA oligonucleotide substrate (24 nts) that corresponds to the sequence of the ai5γ spliced exon product ([Figure 3a,b](#F3){ref-type="fig"}). Effects caused by substrate binding and release were minimized by using single turnover conditions, i.e., reacting trace amounts of labeled substrate with excess linear intron ([Figure 3c--g](#F3){ref-type="fig"}). Fractions of precursor and evolving products were fit to the kinetic framework shown in [Figure 1c](#F1){ref-type="fig"} using kinetic simulations[@R27].

The intron catalyzes two reactions: reverse-splicing, which covalently attaches the 3′-exon section of the substrate to the intron, and spliced exon reopening (SER), which is the irreversible hydrolytic cleavage of the substrate at the splice site junction. The SER reaction provides a useful internal control, because its efficiency is independent of modifications at the intron terminus, thereby providing an independent metric for the proper folding and active-site integrity of the modified introns.

The ai5γ-1 transcript provides another useful control in these experiments ([Figure 3c](#F3){ref-type="fig"}). Since this intron RNA lacks the 3′-terminal uridine, it cannot perform reverse-splicing. However, it catalyzes SER, indicating that it folds correctly into a catalytically active form. Overexposed gels show trace amounts (\<0.3%) of reverse-splicing product, which evolves with rate contants that are typical for the wild type intron, indicating that trace amounts of wild-type molecules are present. Since ai5γ-1 is the precursor for all modified RNAs, this impurity was present in the same amount in all samples, allowing a simple correction of the experimental data.

Reactivity of the terminally modified introns {#S4}
---------------------------------------------

The various 3′-terminally modified intron RNAs displayed differing levels of activity ([Figure 3d--g](#F3){ref-type="fig"}). The 2′-deoxynucleotide modification resulted in complete loss of reverse-splicing product ([Figure 3d](#F3){ref-type="fig"}), which conclusively demonstrates that the terminal 2′-OH group plays an essential mechanistic role during reverse-splicing. Based on this finding, at least four potential roles for the 2′-OH are possible: (I) The 3′-*endo* sugar conformation, which is preferred by ribonucleotides but not by deoxynucleotides, may be required for catalysis. (II) The deprotonation of the 3′-OH group could be supported by an inductive effect of the 2′-OH group. (III) The 2′-OH group could accept a proton from the 3′-OH group during nucleophilic attack on the splice site phosphate. (IV) The 2′-OH group may contribute to catalysis by binding of a critical metal ion. By examining the behavior of the remaining 2′-modified derivatives, it was possible to differentiate between these possible models.

The 2′-fluorouridine derivative has a preference for the 3′-*endo* sugar conformation and 2′-F substituents have an even stronger inductive effect than a 2′-OH group. Thus, the 2′-F substitution allows us to test whether these two characteristics stimulate reverse-splicing. The 2′-fluorouridine modification resulted in a complete loss of reverse-splicing activity ([Figure 3e](#F3){ref-type="fig"}), suggesting that neither the electron withdrawing effect nor the preference for the 3′-*endo* sugar conformation is the predominant function of this group. Although the 2′-F substituent has three lone electron pairs, it is a poor hydrogen bond acceptor and is therefore unlikely to accept a proton from the 3′-OH group[@R28].

By contrast, 2′-amino groups have one lone electron pair and they are good hydrogen bond acceptors. In the reverse-splicing assay, the terminally 2′-NH~2~ modified intron readily underwent reverse-splicing([Figure 3f](#F3){ref-type="fig"}). At pH 7.8, reverse-splicing was only 3 times slower compared to wild-type intron. However, the 2′-NH~2~ modified intron showed pronounced pH dependence with dramatically decreased activity under acidic conditions: at pH 4.8, reverse-splicing is 100-fold slower compared to wild-type intron under the same conditions. In order to evaluate this effect more carefully, we determined the rate constant for reverse-splicing at various pH values. The logarithm of the rate constants was plotted against the pH value, revealing a linear correlation with a slope of 2 in the acidic pH range ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). For comparison, the wild-type intron shows a slope of 1 in an analogous plot[@R11]. The experimental data can be described by [equation 1](#FD1){ref-type="disp-formula"}, which was derived for a system in which two distinct acidic sites must be deprotonated to permit the reaction. The observed rate constant *k*~obs~ approaches the maximum rate *k*~max~ when the pH exceeds both p*K*~a~ values.
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The p*K*~a~ value of the more acidic site was 6.1, which matched the p*K*~a~ expected for the 2′-NH~3~^+^ group[@R29]. These data indicate that only the 2′-NH~2~, but not the 2′-NH~3~^+^ moiety supports reverse-splicing, and thus that the free lone electron pair is required. This suggests that the 2′-substituent may act as a proton acceptor, helping to deprotonate the 3′-OH group.

However, the results are also consistent with catalytic metal ion binding by the terminal 2′-group. To test the latter model, we performed experiments in the presence of Mn^2+^. Amino groups prefer binding to Mn^2+^ over Mg^2+^ by ≈20-fold[@R30]. Thus, Mn^2+^ should significantly stimulate reverse-splicing of the 2′-NH~2~ modified intron if the 2′-group coordinates a metal ion. However, addition of 10 mM Mn^2+^ at pH 7.8 resulted in a negligible 1.2 fold increase in the rate constant for reverse-splicing, which is inconsistent with a mechanistic role involving metal ion binding.

Thus far, the data are consistent with a mechanism in which the 2′-OH group accepts the proton from the 3′-OH group, which raises the question of the subsequent fate of this proton. An obvious model is that the 2′-OH~2~^+^ intermediate donates the other proton quickly to a basic group located outside the reaction site. This model can be tested with the 2′-OMe modified intron ([Figure 3g](#F3){ref-type="fig"}). The 2′-OMe group can accept a proton like the 2′-OH group, but it cannot pass the positive charge out of the active site by donating it to an external acceptor. The experimental results indicate that the 2′-OMe modified intron can catalyze reverse-splicing, but it is highly inefficient: only a small fraction (3%) of reverse-splicing product was formed and the rate constant was approximately 25 times slower than that of wild type intron (rates obtained at pH 6.3). Hence, experiments with this modified intron are consistent with an additional proton transport function for the terminal 2′-OH group.

DISCUSSION {#S5}
==========

In this work, we incorporated modified nucleotides at the 3′-terminus of a group II intron, adjacent to the reaction nucleophile for reverse-splicing. We then monitored the effect of these substitutions on the chemical rate constants and pH sensitivity of the reaction. Based on the results of these experiments, we derived a mechanism for stabilization of the transition-state during reverse-splicing, which is the crucial first step during mobility and transposition by group II introns. This mechanism, which has parallels with reactivity of both protein and RNA enzymes, has implications for the mechanism of forward-splicing by group II introns and the spliceosome.

The study was contingent on the development of a new approach for incorporating modified nucleotides at the 3′-terminus of transcribed intron RNA molecules ([Figure 2](#F2){ref-type="fig"}). The procedure first involved the transcription of an intron RNA with a precisely defined terminus that is one nucleotide shorter than the desired product. The resultant transcript was then extended by one nucleotide with various 2′-substituted NTP-analogs using the E710A mutant of the Klenow fragment in the presence of Mn^2+^. While used here to add a single nucleotide, the method could be adapted to add more than one nucleotide to appropriately shortened transcripts in order to generate RNAs with diverse, and potentially multiple substituents near the 3′-end. In addition, RNAs with modifications of any identity, at almost any position, could then be added by enzymatic ligation of synthetic RNAs to the modified transcript. Thus the approach provides a convenient and efficient route to homogeneous modified RNAs of high quality that are otherwise difficult to synthesize or which contain multiple modified groups. Given the large number of commercially available modified NTPs, this approach considerably expands the repertoire of modifications and tags that can be incorporated into RNA transcripts.

Reverse-splicing catalyzed by the 3′-terminally modified introns was kinetically investigated. The lack of reactivity by introns containing terminal 2′-H and 2′-F substituents indicates that the 2′-hydroxyl group at the terminus of free introns plays a critical role in stimulating reactivity of the adjacent 3′-hydroxyl group, which is the nucleophile during reverse-splicing([Figure 3d,e](#F3){ref-type="fig"}). Insights into the probable role of the 2′-OH group were provided by introns containing a terminal 2′-NH~2~ group, which catalyzed reverse-splicing at high pH almost as efficiently as the wild-type intron ([Figure 3f](#F3){ref-type="fig"}). Importantly, the 2′-NH~2~ group becomes protonated at low pH (pK = 6.1), resulting in a dramatic deceleration in reverse-splicing activity ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). This suggests that the lone electron pair on 2′-NH~2~ or 2′-OH plays a direct and key role in chemical catalysis by intron molecules. Taken together, the results suggest a specific chemical mechanism for reverse-splicing([Figure 4](#F4){ref-type="fig"}). The reaction is initiated by nucleophilic attack of the 3′-oxygen, which must first be deprotonated. We propose that the 2′-OH group accepts the proton from the 3′-oxygenandforms an intermediate involving a positively charged 2′-OH~2~^+^ group. This intermediate is stabilized by a hydrogen bonding network through which the extra proton (and charge) is passed to an external general base, thereby driving the reaction forward. The same transport pathway can be used by the 2′-NH~2~ modified intron, explaining the enhanced efficiency at high pH. The external base is likely to be some other functional group within the intron active site, such as a metal-coordinated water molecule, or a nucleobase with a perturbed p*K*~a~ value[@R31]. That the 2′-OH not only accepts a proton, but must also pass it along, is suggested by experiments with the 2′-OMe modified intron ([Figure 3g](#F3){ref-type="fig"}). Protonation of a 2′-OMe group is only slightly more difficult than protonation of 2′-OH(the p*K*~a~ values are similar[@R32]). Thus, the 2′-OMe group would be expected to readily accept a proton, and to form a 2′-OHMe^+^ intermediate. However, due to geometrical constraints, a 2′-OHMe^+^ cannot readily pass the charge into a hydrogen bonding network. An additional rotation of the 2′-OHMe^+^ group would be required to release the proton to an external acceptor, increasing the probability that the proton is simply returned to the 3′-oxygen. Consistent with this notion, the 2′-OMe modified intron displays slow reverse-splicing activity with low product amplitude, suggesting facile reversibility. In contrast to the terminal 2′-NH~2~ and 2′-OMe substitutions, the 2′-F substitution prevents reverse-splicing completely ([Figure 3e](#F3){ref-type="fig"}). This observation agrees well with the proposed model: despite its three lone electron pairs, carbon-bound fluorine is a poor hydrogen bond acceptor[@R28].

The 2′-OH group does not appear to be a metal binding site. It is known that several oxygen atoms in the catalytic core coordinate catalytically important metal ions[@R15],[@R33]. These contacts stabilize developing charges in the transition-state or are necessary for arranging the metal ions properly in the catalytic center[@R5]--[@R6],[@R15],[@R17]--[@R18]. In view of this, the 2′-OH group of the terminal group II intron nucleotide might likewise be expected to coordinate catalytically important metal ions. As proposed for group I introns[@R34], it could coordinate the same metal ion as the neighboring 3′-OH group to further stabilize and orient it. Alternatively, the 2′-OH group could bind a third metal ion, which would withdraw electron density from the sugar ring, facilitating deprotonation of the 3′-OH group. In both of these cases, however, the 2′-OH group would be playing a supporting, rather than critical role during catalysis. Removal of the 2′-OH group would be expected to reduce rates, but not obliterate reverse-splicing altogether, which contradicts our observations. Additional experimental data that rule out a key role for metal coordination come from experiments with the 2′-NH~2~ modified intron. The amino group has a pronounced preference for Mn^2+^ over Mg^2+^[@R30], and supplementation of the reaction with Mn^2+^ is expected to significantly increase the reverse-splicing activity of a modified intron in which the terminal 2′-NH~2~ directly coordinates a metal ion. However, the addition of 10 mM Mn^2+^ did not significantly increase reverse-splicing activity. Thus, it is unlikely that a major role for the terminal 2′-OH involves the coordination of catalytic metal ions. There is no doubt that metal ions play a crucial role in group II intron catalysis, but other functional groups may likewise play an essential role. An abundance of evidence from studies of other ribozymes (particularly the smaller hairpin and hepatitis delta ribozymes) indicates that nucleobases and other RNA functional groups can play direct roles in the chemical mechanism of catalysis by RNA. Given the complexity of the group II intron active-site structure, and the abundance of conserved nucleotides at the catalytic core, it would be surprising if nucleotide functional groups failed to play a role in the mechanism.

Proton shuttling, as proposed in the present mechanism, appears to be a common mechanistic feature in ribozymes. The first ribozyme proposed to use a proton transfer mechanism was the Hepatitis Delta Virus (HDV) ribozyme. Self-cleavage by this ribozyme results in formation of a cyclic 2′,3′-phosphate at the intron terminus and a free 5′-OH group on the released fragment. In this reaction, a cytosine residue with an elevated p*K*~a~ (C75) donates a proton to the 5′-O leaving group and participates in an extended hydrogen bonding network[@R35]--[@R36]. A proton shuttling mechanism involving 2′-OH groups has been proposed for the *Tetrahymena* group I intron[@R34]. During the first splicing step, a hydrogen bonding network is believed to facilitate protonation of the 3′-oxygen leaving group. In that case, the network is proposed to extend from the vicinal 2′-OH group (which donates a proton) through a series of additional nucleotides, eventually transporting a proton from outside the core to the 3-oxygen leaving group[@R34]. Another study suggests that the 2′-OH group at the 3′-splice site of a group II intron donates a proton to stabilize the 3′-leaving group in that system[@R37]. Similarly, a proton shuttle involving 2′-OH groups appears to be crucial for peptide bond formation catalyzed by the ribosome[@R38]--[@R39].

Our results have important implications for the mechanism of splicing by group II introns and the spliceosome. Given the principle of microscopic reversibility, a 2′-OH group that acts as a proton acceptor in the first stages of reverse-splicing will act as a proton donor during the second step of splicing. In the latter case, the 3′-hydroxyl on the terminal intron nucleotide is the leaving group; it experiences a build-up of negative charge during the transition-state, and it requires protonation for efficient release. The results provided here suggest that the vicinal 2′-OH supports this process and that proton donation from this group is likely to be assisted by a general acid moiety elsewhere in the intron. Perhaps most intriguing is that a similar system is likely to be at work during pre-mRNA processing by the eukaryotic spliceosome. While pre-mRNA introns do not reverse-splice (they are not autocatalytic), it is becoming increasingly clear that the active-sites of group II introns and the spliceosome share many structural similarities[@R5]. In addition, splicing by group II introns and by the spliceosome share mechanistic parallels, as shown by comparative enzymological studies of functional group sensitivity in the two systems[@R17],[@R40]. Thus, it is likely that the terminal 2′-OHgroup of pre-mRNA introns donates a proton to the 3′-OHleaving group as it is liberated during the second step of splicing. If this is true, then by extension, it is likely that the spliceosome contains a mechanistically essential general acid that limits the rate constant for the second step of splicing. This general acid group could be provided by a nucleobase within the U6 snRNA, a metal-coordinated water molecule, or a side-chain on the proximal Prp8 protein. As in previous mechanistic studies, insights from group II intron reactivity are likely to inform biochemical investigations into spliceosomal function and catalysis.

METHODS {#S6}
=======

Preparation of oligonucleotides {#S7}
-------------------------------

RNA substrate (5′-CGUGGUGGGACAUUUUC/ACUAUGU-3′) and the 2′-OMe modified primer ASai5γ-1 (5′-T**C**CCGATAGGTAGACCTTTACAAGTTTTCC-3′) were synthesized and deprotected as described[@R41]. Primer SB (5′-GAATTCTAATACGACTCACTATAGAGCGGTCTGAAAG-3′), ai5γ-1_splint (5′-TTATCCCGATAGGTAGACCTTTACAAG-3′), DNAzyme 1 (5′-TCCCGATAGGGGCTAGCTACAACGAAGACCTTTACAAG-3′), DNAzyme 2 (5′-AGACCTTTACAAGGGCTAGCTACAACGATTTCCCCC-3′) and DNAzyme 3 (5′-ATAGGTAGACCTTTAGGCTAGCTACAACGAAAGTTTTCCCC) were purchased from Invitrogen. The RNA substrate was 3′-end labeled with \[^32^P\]pCp and T4 RNA ligase as described[@R42].

Preparation of RNAs with substitutions at the 3′-terminus {#S8}
---------------------------------------------------------

The ai5γ-1 intron was transcribed with T7 RNA polymerase and PAGE purified. The template DNA was generated by PCR using sense primer SB and antisense primer ASai5γ-1. The antisense primer had a 2′-OMe modification at the penultimate nucleotide to suppress incorporation of untemplated nucleotides at the 3′-terminus of the transcripts[@R24].

The ai5γ-1 transcripts were extended with either uridine-5′-triphosphate, 2′-deoxythymidine-5′-triphosphate, 2′-fluoro-2′-deoxyuridine-5′-triphosphate, 2′-amino-2′-deoxyuridine-5′-triphosphate or 2′-methoxy-2′-deoxyuridine-5′-triphosphate (Trilink Biotech). Extension was performed using the E710A mutant of the Klenow fragment[@R43]. A 500 μL volume of a mixture of 1 μM ai5γ-1, 6 μM ai5γ-1_splint, 20 mM Tris-HCl pH 7.5, 1 mM EDTA and 80 mM NaCl was heated for 2 min to 95°C and then cooled within 10 min to 42°C. Then 500 uL of a mixture of 2 mM DTT, 20 mM MgCl~2~, 6mM MnCl~2~, 200 μM of the respective nucleoside-5′-triphosphate and 5 μM of the E710A mutant Klenow fragment was added. The mixture was incubated for 90 minutes at 37°C. The extended intron RNA was PAGE purified.

Analysis of the terminally modified intron RNAs {#S9}
-----------------------------------------------

The sequence, identity and length of the modified intron RNAs were examined by cleaving the downstream termini of Klenow-extended intron using site-directed DNAzymes[@R26], and then evaluating the mobility of resultant fragments. DNAzyme 1 and DNAzyme 2 were designed to cleave 11 and 25 nucleotides upstream of the 3′-end of the extended intron RNA, respectively[@R26]. Both DNAzymes were 5′-phosphorylated with PNK (NEB) according to the manufacturers protocol to prevent 5′-labeling of remaining fragments during subsequent steps of the protocol.

A mixture of 0.2 μM extended intron, 15 μM DNAzyme 1 or DNAzyme 2, 10 mM Tris-HCl pH 7.5 and 1 mM EDTA (8 μL total volume) was heated to 95 °C for 1 min and then cooled on ice for 1 min. Subsequently, 2 uL of a solution containing 300 mM MgCl~2~ and 750 mM NaCl was added and the mixture was incubated at 37 °C for 2 h. To this was added 134 μL H~2~O, 0.9 μL 1 M Tris-HCl pH 7.5, 3.75 μL 20 mM CaCl~2~ and 1 μL 10 U/μL DNase I (Invitrogen) and the mixture was incubated for another 20 min at 37°C. The mixture was extracted with phenol/CHCl~3~, precipitated with NaCl/EtOH, dried and redissolved in 5 μL of H~2~O. A 5 μL volume of labeling mastermix (29 uL H~2~O, 10 uL PNK-buffer (NEB), 1 uL \[^32^P\]γ-ATP (Perkin-Elmer) and 10 uL PNK (NEB)) were added and the mixture was incubated at 37°C for 1 h. The resulting short labeled RNA fragments were resolved on a 20 % denaturing polyacrylamide gel in order to monitor correct extension of ai5γ-1.

Reaction with fluorescein isothiocyanate {#S10}
----------------------------------------

Intron RNAs containing 3′-terminal uridine or 2′-aminouridine residue (20 pmols) were 5′-^32^P labeled and then resuspended in 8 μl of water. Then 12 μl of 0.5 M NaHCO~3~ buffer (pH9.2) and 1 mg of fluorescein isothiocyanate (Sigma) dissolved in 20 μl dimethyl formamide were added. Reaction mixtures were incubated overnight at 4 °C, RNAs were ethanol precipitated, purified from unreacted FITC on a MEGAclear column (Ambion) and analyzed on a 5% denaturing polyacrylamide gel. In order to detect ^32^P label, bands were visualized on a Storm 820 Phosphorimager (Molecular Dynamics), and in order to detect fluorescein label, bands were visualized using an FLA-5100 scanner (Fujifilm).

In order to further confirm the covalent attachment of FITC to the 2′-amino group, extended intron RNA containing 3′-terminal 2′-aminouridine was cleaved with DNAzyme 3 (see above) before and after reaction with FITC. The DNAzyme cleavage reaction was carried out for 2 hours under the same conditions as described above for DNAzymes 1 and 2. Resulting fragments were 5′-end labeled and analyzed on a 20% polyacrylamide gel.

Reverse-splicing assays and timecourses {#S11}
---------------------------------------

Single turnover experiments were carried out using 100 nM intron and trace amounts (2 nM) of 3′-end labeled substrate at 42 °C in 40 mM MES-KOH (pH 4.8 -- 6.4) or MOPS-KOH (pH 6.3 -- 7.8), 100 mM MgCl~2~ and 500 mM KCl[@R11],[@R44]. Intron and substrate were separately denatured in 80 mM MOPS-KOH or MES-KOH for 1 minute at 95 °C and cooled for 1 minute to 42°C. Salts were added, allowing the intron and substrate to fold independently for 10 minutes before they were combined. Aliquots were taken after increasing reaction times, and these were immediately mixed with 4 volumes of quench buffer (75% formamide and 50 mM EDTA) and stored on ice until products were separated on stacked polyacrylamide gels (5% and 20 %). The gels were dried and exposed to phosphorimager plates for imaging on a Storm Imager (Molecular Dynamics).

Calculation and analysis of reaction rate constants {#S12}
---------------------------------------------------

For each experiment, a total of 15 lanes corresponding to different timepoints was analyzed. Bands corresponding to substrate, reverse-splicing product and SER product were quantified using ImageQuant software (Molecular Dynamics) and their volumes (within each lane) were normalized to 1. In order to extract the rate constants for reverse splicing, the resulting datasets were analyzed by a least-squares fitting procedure based on the model shown in [Figure 1c](#F1){ref-type="fig"} using the kinetic simulation software package Dynafit (BioKin, Ltd.)[@R27]. The pH dependence of reverse-splicing by the 2′NH~2~-modified intron was analyzed by plotting the reverse-splicing rate constants against the respective pH values ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}) and fitting them to [equation 1](#FD1){ref-type="disp-formula"} using Origin software (OriginLab).
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======================

We wish to thank C.M. Joyce for providing the E710A mutant protein. This work was supported by generous funding from the NIH (GM50313) and from the Howard Hughes Medical Institute. A.M.P. is an investigator of the Howard Hughes Medical Institute.

**Author contributions**

M.R. designed and performed kinetic experiments and analyzed the data. M.R. designed and conducted the method for generation of 3′-terminally modified RNAs including their purity control, but with exception of experiments involving fluorescein labeling. O.F. designed and performed all control experiments involving fluorescein labeling and prepared the modified DNA primers and all synthetic RNA oligonucleotides. M.R. interpreted the results and wrote the manuscript. O.F. helped interpreting the results. O.F. and A.M.P. edited the manuscript. A.M.P provided funding for the research and supervised all experimentation.

The authors declare no competing financial interests.

![Structure and splicing pathways of group II introns. **a** Consensus secondary structure of group II introns. The intron is shown as a black line and the 5′-and 3′-exon as a filled green or open purple bar, respectively. The scissile phosphates at the 5′-and 3′-splice sites are depicted as encircled "P"s. Exon binding sites EBS 1 and EBS 2 in domain 1, the corresponding intron binding sites IBS 1 and IBS 2 on the 5′-exon, the open reading frame (ORF) in domain 4 and the branching point adenosine in domain 6 are indicated. **b** Schematic of the splicing process by hydrolysis (top) and branching (bottom). **c** Kinetic framework of reverse-splicing and SER by linear intron. Intron molecules with untemplated nucleotides at the 3′-end are indicated as a straight line with a stretch of "A"s. **d** Mechanistic model for reversal of the second splicing step. Nucleotide sequences and numbering are corresponding to the original ai5γ intron from *S. cerevisiae*. Sections of the intron are shown in the same colors as before, the scissile phosphate is displayed in blue, metal ions and coordinative bonds in orange.](nihms166018f1){#F1}

![Synthesis and verification of intron RNAs with substitutions of the 2′-OH group at the 3′-terminal nucleotide. **a** Schematic of the extension and verification method. DNA strands are shown as blue, RNA as green lines. The enzymes used were T7 RNA polymerase (T7, yellow), the E710A mutant of the Klenow fragment (Kf, orange) and DNAzyme (purple). The dotted line indicates the DNAzyme cleavage site. The 2′-substituent introduced with the terminal nucleotide is shown as a bold red X. **b** Gel showing terminal fractions of the modified introns. A negative control using transcripts that lack the terminal nucleotide (ai5γ-1) and a positive control using a full length transcript are shown in the left and right two lanes; the bands of the ai5γ-1 precursor are connected by a thin red line for better readability. Substituents introduced into the respective RNAs are indicated; 2′-deoxythymidine (2′-H) was introduced according to the same protocol as the other substituents (mut. Kf) and, for comparison, with commercially available wild-type Klenow fragment (wt Kf). **c** Control showing reverse-splicing catalyzed by the transcribed full-length wild-type intron (left) and by wild-type intron generated through extension of ai5γ-1 with rUTP(right) at pH 6.0. Assignments of substrate and product bands as well as reaction times are indicated.](nihms166018f2){#F2}

![Reverse-splicing assay. **a** Schematic of the reverse-splicing reaction. Intron is depicted as a black line, 5′- and 3′-exons as filled and open boxes, respectively. The radiolabel at the 3′-terminus of the substrate is indicated by an asterisk. **b** Sequence of the RNA substrate. 5′- and 3′-exon sections as well as intron binding sites IBS1 and IBS2 and the radiolabel at the 3′-end are indicated. **c**-**g** Time courses performed with the intron analogs at pH 7.8. The substitution applied to the terminal nucleotide of each RNA is indicated. Assignments of precursor and product bands as well as reaction times are shown on the right side.](nihms166018f3){#F3}

![Suggested proton shuttle mechanism. Sequences and numbering refer to the original ai5γ intron. Hydrogen bonds are shown as dotted lines. Metal ions have been omitted for clarity.](nihms166018f4){#F4}
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